It is estimated that there are 387 million patients with diabetes worldwide, of whom 5-10% in developed countries have type 1 diabetes mellitus (T1D). 1 There are estimated to be 350 000 patients with T1D in Germany. 2 Patients with T1D require insulin to maintain their glucose levels within a near normal range, usually measured by self-monitoring of blood glucose (SMBG). 3 This is often done by multiple daily self-injections (MDI) of insulin. 3 Maintaining a near normal blood glucose range is essential to the health and daily well-being of the patient, whereas an inadequately controlled glucose level can result in acute complications such as hypoglycemia or diabetic ketoacidosis, and to chronic complications over time (microvascular and macrovascular complications). 4-6 A near normal blood glucose range, hence, being adequately controlled, implies to maintain a defined A1C level of <7.5% without the emergence of SHEs, referred to German guidelines; 7 patients who do not meet this definition are considered 633720D STXXX10.1177/1932296816633720Journal of Diabetes Science and TechnologyZöllner et al
to be inadequately controlled. This, always under consideration of the individual's needs, resources and preferences in terms of the course of their diabetes. Improved control of glucose levels can therefore help patients avoid complications. It has been shown that a 1-percentage-point improvement in A1C over time can lead to significant reductions in microand macro-vascular complications. 8, 9 As 53% of the medical management costs associated with diabetes in Germany are a result of complications, 10 there are consequently potential cost savings to be made, primarily as a result of improved management of glycemic control.
Continuous subcutaneous insulin infusion (CSII) has been shown to provide significant reductions in A1C, compared with MDI. [11] [12] [13] However, the costs of CSII are higher than the costs of MDI, given the higher level of technology and the consumables required. The overall budget impact of using CSII rather than MDI is therefore of interest when considering how to treat patients with T1D.
Methods
A decision-analytic budget impact model was developed in Microsoft® Excel® 2010 to consider the impact of switching patients with T1D from MDI to CSII. The considered CSII technology does not incorporate continuous glucose measurement. The model considers the key costs of treatment with each form of therapy, and examines 2 medical endpoints and their corresponding cost offsets: severe hypoglycemic events requiring hospitalization (SHEH) and complication-borne diabetic events (CDEs) (micro-and macrovascular) avoided. The model considers the German T1D population (350 000 patients), 2 and assumes a proportion of MDI patients of 85%, of which 88.2% have currently inadequate glucose control according to UK population data 14 (no data for Germany available); and hence determine the eligible MDI-population for switch to CSII of 262 395. Two scenarios were considered: the base case, where all patients were treated with MDI; and a switch scenario, where-based on a practicable assumption-20% of the eligible patients were switched to CSII and 80% of the eligible patients remained on MDI. The model inputs were chosen to represent a patient population with T1D, and eligible patients were randomly selected for switching. However, in clinical practice, CSII has been used in patients with difficulties in managing T1D whose risk of hypoglycemia is higher than other patients. Therefore, a scenario with twice the risk of SHEH was modeled within the switch scenario, in addition. Table 1 shows the frequency of severe hypoglycemic events associated with MDI and CSII (1.38 vs 0.31 patient/ year), sourced from a long-term US clinical study in which patients with ≥12 months of treatment with MDI were switched to CSII. 15 The annual frequency of SHEH with CSII was assumed to be the average of the rate over each of the 4 years considered in the study. 16 In the absence of German data, the proportion of the events requiring hospitalization was obtained from a Scottish study on the frequency of severe hypoglycemia requiring hospital treatment (21.31%). 17 The risk of each of the CDEs associated with MDI was estimated based on reported risks for patients with T1D, or, where data for T1D-only were not available, patients with either type 1 or type 2 diabetes. The risk of CDEs with CSII was estimated based on 3 factors: the risk of CDEs associated with MDI, the effect of reductions in A1C on the risk of each event, and the relative reduction in A1C provided with CSII, compared with MDI.
The risk for CDEs with MDI were standardized to a 10-year time horizon to allow comparability and a degree of 18 Values for CSII estimated using the impact of a 1% reduction in A1C on these outcomes and the reported reduction in A1C with CSII vs MDI (-0.55). 8, 19, 20, 42 consistency. The 10-year risks were then adjusted to provide the risk over the 4-year time horizon used in the model ( Table  1 ). The risks have been adjusted using equations presented in Fleurence and Hollenbeak. 18 The impact of A1C on CDEs was drawn from the Diabetes Control and Complications Trial 9 and from a long-term study on the impact of intensive treatment on mortality. 19 Based on these, a 1-percentage-point reduction in A1C over the 4-year time horizon was estimated to result in a 22.78% reduction in angina pectoris, 9 an 8.89% reduction in nephropathy, 9 a 38.33% reduction in neuropathy 9 (assumed to apply to foot ulcers), a 42.22% reduction in retinopathy, 9 a 22.78% reduction in cardiovascular disease 9 (assumed to represent myocardial infarction and stroke), and a 17.66% reduction in all-cause mortality. 19 A summary of the clinical inputs used in the model and its associated costs is provided in Table 1 .
The reduction in A1C with CSII compared with MDI was taken from Raccah et al, who report a -0.55-point change (improvement) in A1C from baseline MDI treatment after 6 months of treatment with CSII. 20 This reduction was then applied to the rate reduction for each CDE reported in the literature with a 1% change in A1C (ie, 55% of this rate reduction). The estimated rate reduction calculated for each CDE was then applied to the rate of each CDE reported in the literature for MDI to provide an estimate of the rate of each CDE with CSII ( Table 1) .
The costs data and sources used in the model for treatment are summarized in Table 2 . For MDI therapy only insulin costs have been considered. 21 CSII costs were based on the Animas® Vibe® insulin pump (Johnson & Johnson Medical GmbH, Norderstedt, Germany) specifications, and the corresponding official costs of each component (pump, pump utilities, insulin) sourced from the German reimbursement schedule 2014. [21] [22] [23] [24] The estimated costs do not claim to be exhaustive regarding the respective therapies. In fact, for example, the costs for needles and pens for MDI as well as costs for pump training, additional visits and blood ketone measurements for CSII are not reflected. This prioritization was consistently pursued throughout the model, both for costs as well as for outcomes (SHEH and CDE).
The costs of SHEH and CDE were obtained from published sources and inflated from the reported costs year to 2014 costs using the consumer price index ( Table 2) . 25 
Results
Compared with remaining on MDI (base case), switching 20% of eligible T1D patients from MDI to CSII (switch scenario) was found to result in 224 610 fewer severe hypoglycemic events. The latter, including 47 864 fewer hospitalizations (Figure 1 ), at cost savings of €169 104 984 over a 4-year period. Furthermore, there were 5543 fewer CDEs over 4 years (Figure 2 ), including 288 avoided deaths, with additional cost savings of €13 980 297. Total cost savings amounted to €183 085 281, of which 92% are realizable in the short term as consequence of avoided SHEH.
Total treatment costs over 4 years were €935 081 580 for the base case and €1 709 521 688 for the switch scenario, with a difference of €774 440 108 (Table 3) , representing an increase of 83% in treatment costs. However, once the cost reductions associated with avoiding SHEH and CDEs are considered, the total budget impact of CSII is €591 354 827, representing a 24.5% increase in costs compared with the base case. A significant proportion of the additional costs, as expected from a narrower procurement-only viewpoint, are therefore offset in the holistic perspective through the avoidance of complications.
As CSII may be used in patients with demonstrated difficulty in managing their diabetes, who are consequently at greater risk of severe hypoglycemia, a subscenario was also considered where the rates of SHE for MDI and CSII were doubled (2.76 and 0.62, respectively; see Table 1 ), while the rate of CDE was unchanged. In this scenario, 95 729 SHEH were avoided, 47 864 more than with the standard SHEH rates. This resulted in increased cost savings of €338 209 967 relating to SHEH avoided, and incremental total costs of CSII over MDI of €422 249 843, a 12.1% increase over the base case.
Discussion
The current model demonstrates that while switching 20% of eligible patients from MDI to CSII is associated with increased treatment costs, the latter are substantially offset by cost savings as a result of avoided hypoglycemic and diabetic events. The switch scenario was associated with an increase in treatment costs of 83%, compared with the base case; however, once SHES and CDEs avoided were considered, the increase in budget impact was only 24.5%. The expected incremental budget impact of CSII is therefore significantly offset by savings as a result of improved glycemic control, and is approximately 30% only of what would be expected based on treatment procurement costs alone. If this model is applied to an example clinic of 500 eligible MDI patients, of whom 20% are shifted to CSII, there would be 428 fewer SHEs, 91 fewer SHEH, and 11 fewer CDEs over a 4-year period ( Table 4 ). Almost 1 avoidable event per patient is expected.
It should also be noted that patients were selected for switch completely at random in the model; in clinical practice, this is improbable to happen. It is likely that physicians would elect to switch specific patients from MDI to CSII according to medical guidelines, 7 for example patients who are at high risk of hypoglycemic hospitalizations or complications related to a raised A1C, given that these patients could be expected to benefit more from CSII than others. An analysis was therefore performed which considered a higher (doubled) rate of SHEH for both MDI and CSII (the rate of CDEs was unchanged). This analysis found that the net increase in costs with the switch scenario in this group was down to 12.1%, compared to 24.5% from the original switch scenario versus the base case. This analysis ignores any increase in risk of CDEs in such high-risk patients in the base cases. It is consequently conceivable that appropriate selection of patients for CSII may allow the increased costs of treatment with CSII, compared to MDI, to be largely offset by cost savings as a result of avoided SHEs and CDEs.
As with any model, there are limitations in the current analysis. Diabetes modeling is generally complex, and costeffectiveness models typically examine long-term outcomes based on complex risk equations. 26, 27 However, the current model uses a simplified approach examining SHEH and CDEs over a 4-year horizon.
Due to the absence of data from Germany on the prevalence of inadequately controlled patients the model assumptions refer to recent UK data. 8 Here, adequately controlled is defined as an A1C <6.5%, resulting in a relatively high prevalence of inadequately controlled patients (88.2%). However, only 20% of these were considered to switch from MDI to CSII, hence, it is not expected to lead to inappropriate conclusions.
Another limitation of this model relates to CDEs, which were based on the reported risks of these in the literature, the impact of reductions in A1C on these outcomes, and the reduction in A1C with CSII compared with MDI. While it was possible to source event risks for T1D patients for most outcomes, it was necessary to use data from studies in patients with both T1D and T2D for diabetic foot ulcers ( Table 1 , contained in neuropathy). 9 It is therefore possible that the risk of these events is different in the T1D population; however, in the absence of specific data for the T1D population alone, the risks shown here represent a pragmatic estimate. The impact of reductions in A1C on these CDEs (with the exception of all-cause mortality) was obtained from the 1993 report on The Diabetes Control and Complications Trial. 9 While this publication is more than 20 years old, the effect of lowering A1C on diabetic events is not expected to have changed much during this time. The impact of CSII on A1C was sourced from a single trial in 132 adults and children with inadequately controlled T1D. 20 While this is the population of interest, this may be viewed as a selective use of data. However, there are no large-scale trials of CSII versus MDI, and 3 meta-analyses have reported a similar impact on A1C: Pickup et al reported a -0.51% difference in favor of CSII over MDI in 2002 12 and a -0.61% difference in 2008; 13 and Jeitler et al reported a -0.4% reduction in studies under 6 months long and a -0.8% reduction in studies over 6 months long. 11 The value used in the model (-0.55%) may therefore be conservative, given the 4-year time frame. In spite of these limitations, they should be viewed in the context of the overall cost offsets, as CDEs avoided represent only 8% of these cost offsets. Therefore, inclusion of these does not significantly bias the overall results, and provides decision-makers and budget holders with an estimate of the impact of these outcomes on the overall budget impact of CSII. Above all, latest published data on cardiovascular mortality within T1D in Sweden was not yet considered. Steineck et al conclude that, among people with T1D, using CSII is associated with lower cardiovascular mortality than treatment with MDI. 28 SHE-driven hospitalizations avoided represent the large majority of the cost offsets in the model (92%). The rate for SHEs per patient-year was obtained from a US-based study; 16 this outcome has not been widely reported in the literature, but a 2008 meta-analysis by Pickup et al found that the rate of severe hypoglycemia was substantially higher in patients using MDI, compared with patients using CSII (rate ratio 4.19, 95% CI 2.86-6.13), 13 substantiating the rates used in the current analysis. The proportion of SHEs requiring hospitalization was based on a Scottish study (21.31%). 17 It is unclear if hospitalization rates in Germany would be expected to be different from those reported in Scotland, and moreover, how this would impact on the cost estimates derived from our analysis. However, Germany is known to have some of the highest levels of hospital activity across the OECD. Hence, it might be likely that the actual proportion of hospitalization due to, or following, a SHE is at least on the level of the Scottish.
While there are limitations in the current model, it should also be noted that it is conservative in many of its assumptions. There is evidence that lowering A1C results in reduced mortality, and the model demonstrates the impact of CSII on mortality. While reducing mortality should be regarded as one of the primary goals of treatment, monetary costs cannot easily be assigned to a death. The model also only considers costs to the health care system due to SHEs resulting in hospitalizations and CDEs. However, SHEs which do not result in hospitalization may still have associated costs, for example emergency admission or outpatient care (eg, office visits and GlucaGen HypoKit®) costs, or lost productivity at work or missing work. Non-health care payers, such as employers, pension funds and society as a whole may therefore benefit from the improved glycemic control offered by CSII over MDI.
Furthermore, only insulin has been considered as consumed resource for MDI therapy; however, other consumables such as syringes (or insulin pen-needles) are needed. According to relevant guidelines, a consumption of 5 syringes daily is recommended in MDI therapy, 7 corresponding to an uptake rate of 1825 syringes per MDI patient annually. Assuming the costs of 100 syringes to be €25, MDI costs would increase from €891 to €1347 per year per patient, representing an increase of 51%. Related to the total budget impact of the model, this increase in MDI costs would lead to only 17.1% rather than 24.5%, where syringes are not considered.
In the majority of cases the switch from MDI to CSII treatment leads to a decrease in the patient's demand on insulin due to a more continuous delivery of insulin in the course of a day; 29, 30 however, the number of daily insulin units consumed was assumed to be equal for CSII and MDI in the current model. As with any budget impact model, also the present one did not include the beneficial impact of CSII on patients' quality of life (QoL), which may be improved as a consequence of the better health outcomes enabled with CSII, compared to MDI. 31 In addition, patients with diabetes often have a fear of hypoglycemia, 32 which can have a significant negative impact on diabetes management due to so-called "hypo-avoidance behaviour," 33 metabolic control, and subsequent health outcomes. 34 Providing such patients with CSII may therefore help alleviate their fear and allow them to better manage their diabetes, leading to improved health outcomes.
Finally, the model uses only a 4-year time horizon; however, diabetes must be managed for the duration of the patient's life. A1C is known to be linked to the rate of diabetic complications (micro-and macro vascular events), 9 and it is possible that the true impact of improved glycemic control would become apparent over a longer time scale only. Future work should therefore include the impact of these factors on the overall budget impact of CSII. Furthermore, recently available data on costs and outcomes of sensoraugmented pump therapy (SAP) may be worth investigating, as recent data from the UK suggests SAP to be cost-effective. 35 The results of the current analysis use German costs and, as such, may not be applicable to other countries due to differences in health care systems and unit costs. However, the applied rates of outcome parameter differences in SHEH and CDE rates are unlikely to vary substantially between countries, and this model may therefore serve as an indication of the clinical and economic impact of CSII. As far as the authors are aware, this is the first publication on the budget impact of CSII in Germany. While cost-effectiveness analyses have been published for other countries, none have been published for Germany. The current study therefore represents a useful addition to the body of evidence that may assist decision makers and budget holders.
Conclusion
The use of CSII results in fewer SHEH, CDEs and deaths, which results in avoided costs. While the costs of CSII treatment is higher than MDI, these costs are offset to a substantial degree by cost savings as a result of avoided events, and the overall impact of switching 20% of an eligible diabetes population in Germany from MDI to CSII represents a 24.5% increase in costs (instead of 83% when complication costs are not considered). It is quite likely that the current model underestimates the potential cost savings, as the selection of switch patients is random, rather than targeted. Other benefits, such as QoL, are not considered. CSII may therefore represent wise spending of scarce health care resources.
Abbreviations A1C, glycated hemoglobin; CDE, complication-borne diabetic event; CSII, continuous subcutaneous insulin infusion; MDI, multiple daily injections; QoL, quality of life; SAP, sensor-augmented pump therapy; SHE, severe hypoglycemic event; SHEH, severe hypoglycemic event requiring hospitalization; SMBG, self-monitoring of blood glucose; T1D, type 1 diabetes mellitus.
